, which was approximately 95% larger than the bulk of PbTe. The power factor of 104 lW m À1 K À2 is also higher than any previously reported power factor in PbTe NWs. V C 2013 AIP Publishing LLC.
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Growing novel nanowires is a crucial topic in nanoscience and nanotechnology research. [1] [2] [3] It is believed that the quantum size and confinement effects in one-dimensional (1D) nanowires (NWs) play crucial roles in enhanced thermoelectric performance. The efficiency of thermoelectric materials is determined by the dimensionless figure of merit ZT, which is defined as S 2 rT/(j e þ j l ), where S is the thermopower or Seebeck coefficient, r is the electrical conductivity, j e is the electronic thermal conductivity, and j l is the latticephonon thermal conductivity. This concept is related to Slack's proposal of a phonon-glass/electron-crystal (PGEC) model, which suggests that an efficient thermoelectric material has the electronic properties of a crystalline material and the thermal properties of a glass. 4 By properly adjusting the parameters for S, r, and j, the figure-of-merit ZT is enhanced.
The reduction of dimensionality from three dimensional (3D) to 1D results in a dramatic increase in the electronic density of states (DOS) at energy band edges, which in turn leads to an increase of the thermoelectric power factor (S 2 r). Therefore, the increased DOS of a 1D structure produces an enhanced S 2 r, and consequently, an enhanced ZT. 5, 6 In NWs composed of thermoelectric materials such as PbTe, the nanometer scale is predicted to increase the S. 7, 8 Based on certain carrier-scattering assumptions, the enhanced S occurs because of a sharp increase in the local DOS around the Fermi level, which is also interpreted as an increased local DOS effective mass (m d *). However, the overall benefit of such an increase in S can be compensated by a decrease in carrier mobility l, because the increased local DOS usually leads to a heavier transport-effective mass of carriers. In the most well-known high-temperature thermoelectrics, the carriers are predominantly scattered by phonons. 9 Increasing the S is an obvious goal for obtaining high efficiency thermoelectric materials, but other changes in transport properties often sacrifice the r correlated with an increase in the S and do not ultimately lead to an improvement in ZT.
Lead telluride (PbTe) is a semiconductor with an energy band gap of 0.31 eV at 300 K that can be applied in mid-infrared lasers, [10] [11] [12] optical detectors, [13] [14] [15] and thermoelectricity. [16] [17] [18] The synthesis of low-dimensional PbTe materials such as nanowires [19] [20] [21] [22] [23] [24] [25] [26] [27] has been intensively studied in the past decades. A variety of methods have been used to synthesize PbTe NWs, such as the laser ablation method, 19 the chemical vapor transport method (CVT), 20, 21 lithographically patterned nanowire electrodeposition, 22, 23 potentiostatical electrodeposition using a track-etched polycarbonate membrane, 24 hydrothermal method, 25, 26 and the simple one-step solvothermal polyol process. 27 In 2002, Cheng et al. reported a stress-induced method used to grow Bi NWs from Bi-CrN composite thin film; it exploited the residual compressive stress in composite thin films as the driving force for NW formation. They predicted that this technique may also be suitable for growing NWs made of other materials. 28 More recently, Lee et al. proposed the fabrication of single-crystalline Bi and Bi 2 Te 3 NWs based on a mechanism in which the mismatch of the thermal expansion between the substrate and the film drove the mass flow along grain boundaries to grow NWs at thermal annealing temperatures. This NW growth method, which does not involve using conventional templates, catalysts, or starting materials, has the advantage of controlling the growth conditions for the diameter, shape and aspect ratio of singlecrystalline NWs. 29, 30 This technique had not been previously applied to PbTe alloys. We applied the stress-induced method to grow single-crystalline PbTe NWs from PbTe thin film on a SiO 2 /Si substrate without using a catalyst, enhancing the thermoelectric properties of the NWs. The films were prepared in a pulsed laser deposition (PLD) system (LPX Pro 210). The PbTe for the PLD target was made by mixing elemental Pb (Alfa Aesar, À200 mesh, 99.9%) and Te (Alfa Aesar, À325 mesh, 99.999%) inside a carbon-coated silica tube, which was then evacuated to a base 10 À6 Torr, sealed, slowly heated to 1000 C over a period of 12 h, held at this temperature for 4 h, and then cooled to room temperature. The ingot was cut into a disc shape with a diameter of 10 mm by a diamond saw. The disc target was polished and ultrasonically cleaned in acetone and methanol before being placed on the target holder. Films were deposited on single-crystal SiO 2 /Si (100) substrates. The substrates were ultrasonically cleaned in acetone and methanol and then rinsed with deionized water before their introduction into the vacuum chamber. The base pressure of the vacuum system was 5.0 Â 10 À7 Torr. The excimer laser was applied at 140 mJ at a frequency of 10 Hz during a 15-min deposition at room temperature. The substrate rotation speed was approximately 10 rpm. The total thickness of the films was 20 nm. The deposition rate was approximately 0.22 Å s À1 , which was slower than the deposition rate for growing Bi/Bi 2 Te 3 NWs 29,30 because of the differing thermodynamic properties of these compounds and the high melting point (T m ¼ 924 C) of PbTe. The films were sealed in a vacuumed quartz tube below 5 Â 10 À6 Torr, annealed at 450 C for 5 d, and then cooled to room temperature in the furnace. During the annealing process, the NWs grew from the film to release the compressive stress caused by the difference in thermal expansion coefficients between the PbTe film (19.8 Â 10 diagram of the growth mechanism of PbTe NWs from PbTe thin film on a SiO 2 /Si substrate. Annealing for 5 h at 450 C produced short NWs, which were approximately 10 lm or less in length. Therefore, these NWs could not be placed on a microchip because the width of the window of a microchip is approximately 15 lm.
Scanning electron microscope (SEM) images of PbTe NWs with diameters ranging from 50 to 300 nm and lengths as high as several micrometers are shown in Fig. 1(b) . Straight, uniform PbTe NWs with a high aspect ratio grew on the substrate after annealing. A tungsten needle (d w ¼ 100 nm) and a binocular optical microscope were used to pick a single NW from the PbTe thin film and place it on a Si 3 N 4 microchip, on which the PbTe NW was suspended by electrodes. The microchip [ Fig. 1(c) ] was then used for structural analysis and thermoelectrical measurements of the crystal. A transmission electron microscope (TEM) was used to investigate the crystalline structure of PbTe NWs with diameters of 75 and 217 nm for the 75-nm NW, which are 74 and 43 times greater than that of the PbTe bulk (1.52 Â 10 À5 X m). 18 An enhanced q probably arises from the surface scattering of charge carriers. 31 The obtained S of PbTe NWs with the negative sign [ Fig. 3(b) ] shows that the PbTe NWs are n-type semiconductors because their electrons have a much higher l than holes and dominate the electronic transport properties, 32, 33 and that the S is controlled by electron diffusion. The S value obtained for the 217-nm NW represents the highest value of À342.28 lV K À1 at 310 K, which is approximately a 95% enhancement over the À175 lV K À1 of the corresponding n-type PbTe bulk. 18 This results in a large enhancement of the thermo power, S in comparison with the bulk sample because of an increase in the DOS of electrons near the Fermi level in the NWs. 8, 22, 25, 34 The effect of this local increase in DOS on S is given by the Mott expression
Here, S depends on the energy derived from the energydependent electrical conductivity r(E) ¼ r(E)ql(E) taken at the Fermy energy (E F ), when n(E) ¼ g(E)f(E), and the carrier density at energy level E is considered, where f(E) is the Fermi function, q is the carrier charge, and l(E) is the mobility. In contrast, the S of the 75-nm NW was À54.76 lV K
À1
at 300 K, which is a relatively low value (less than 69% of that of the bulk). 18 These results are considered the consequences of structural imperfections, such as antisite defects caused by Pb Te (i.e., the creation of one vacancy at the tellurium site), facilitate enhancing the carrier concentration. 18, 35 The q was closely correlated with the S, which was consistent with samples in which a smaller q had a lower S value.
The r value was derived from an experimental measurement of q; thus, at approximately 310 K the S 2 r values were 4.58 and 104.38 lW m À1 K À2 for 75-nm and 217-nm NWs, respectively. The S 2 r values of PbTe NWs as a function of temperature are plotted in Fig. 3(c) . The power factor decreased gradually when the temperature decreased, and the results were mainly attributed to the q trends of PbTe NWs. All measurements were conducted in a high vacuum of less than 2 Â 10 À6 Torr to eliminate convectional heat loss. The results are shown in Table I , along with literature values for NWs, nanowire film (NWF), and bulk PbTe.
According to alternative form of the Mott relation, 36 the carrier concentration n can be estimated from thermopower data by using
with Fig. 3(d) . The number of carriers increased for the 217-nm NW when the temperature increased. Such behavior is the result of the generation of new carriers as the temperature increased. For the 75-nm diameter nanowire, n was relatively flat over a wide range of temperatures, indicative of extrinsic doping. The value of n and its behavior confirms that, even with the same composition (Pb/Te atomic ratio), the actual n may differ because of nanostructural and quality differences. The S was closely correlated with the n, which was consistent with samples in which a smaller n had a higher S value. 18 Our calculated l values were 2.61-3.59 cm 2 V À1 s À1 for the 75-nm NW and 20.60-22.70 cm 2 V À1 s À1 for the 217-nm NW. The l value is obtained using the equation Fig. 3(e) . The main factor for determining l in the semiconductor is the scattering processes. The actual mobility is 1/l ¼ R1/l i , where l i is mobility corresponding to a certain source of scattering. In the middle range of temperatures, the vital sources of scattering are the ionized impurities and phonons
where N I is the total ionized impurity density in the semiconductor. 12 The l values of the 217-nm NWs show a continuous decrease with an increasing T, indicating that phonon scattering is dominant throughout the entire T range, whereas ionized impurity scattering is dominant in 75-nm NWs.
In summary, the stress-induced method was applied to grow individual single-crystal PbTe NWs from a PbTe thin film on a SiO 2 /Si substrate, offering an alternative technique for PbTe NW synthesis without catalyst. This technique had not been previously applied to PbTe alloys. The S(T) and q(T) for 75-nm and 217-nm NWs were measured, and the temperature dependences of thermoelectrical power factors, carrier concentration, and mobility at 300-380 K were reported. The 217-nm NW exhibited the highest thermopower value, S, of À342 lV K À1 at 310 K, which is approximately a 95% enhancement over the reported value of the PbTe bulk. 18 This work was supported by the National Science Council in Taiwan, under Grant No. NSC 100-2112-M-001-019-MY3. Technical support was provided by the Core Facilities for Nanoscience and Nanotechnology at the Academia Sinica in Taiwan.
